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Effect of lumen morphologies of selected raw untreated and nanoclay infused lignocellulosic fibres on the sorption 
characteristics have been studied. Sisal, kenaf, banana and coir fibres have been selected, and the sorption characteristics, 
such as adsorption, desorption and absorption properties are evaluated. Nanoclay particles are effectively impregnated into 
the fibres, and the particles serve as a barrier medium by modifying the fibre-gas/liquid interface. The result indicates that 
the nanoclay treated fibres result in reduced moisture adsorption with increased fibre surface area. The adsorption-
desorption characteristics of untreated and nanoclay treated fibres show sigmoidal isotherm sorption behavior, and the 
sorption hysteresis depends on crystallinity and nanoclay infusion. It is observed that the absorption characteristics of 
untreated and nanoclay treated fibres depend upon the nanoclay treatment and lumen phase morphology. 
Keywords : Absorption, Adsorption, Coir fibre, Desorption, Lignocellulosic Fibres, Nanoclay 
1 Introduction 
In recent past, natural fibres have attracted much 
attention as an important class of reinforcement 
material for composites due to low cost, higher 
strength/surface area and availability in abundance1,3. 
However, the hydrophilic nature of the natural fibres 
is still a major problem and limits its use. The water 
uptake causes dimensional changes to the fibres and 
affects the fibre properties, fibre-matrix adhesion and 
ultimately the composite properties4,5.  Due to this, the 
mechanical and physical properties of the composites 
are affected.  Properties, such as stiffness, modulus, 
density and fibre-matrix adhesion, are usually 
affected6,8. Therefore, moisture uptake is an important 
characteristic to be considered for a wider application 
base9,10. In addition, due to the ongoing global trend 
of using green and natural materials, it is now more 
relevant to focus on the water barrier properties of the 
natural fibres.  
The raw untreated fibres absorb more moisture and 
this is limited by the fibre type. The sorption is 
proportional to lignin and other non-cellulosic phases 
of the fibre11-15. Chemical treatment of fibres reduces 
water uptake; however, the amount of water sorption 
depends on the type of chemical treatment16-18. The 
adsorption-desorption properties of natural fibres are 
characterized by sigmoidal shape of isotherms with 
formation of the hysteresis loop between the sorption 
and desorption curves. The hysteresis is represented 
by degree of hysteresis (dH), which depends on the 
fibre quality, fibre type and non-cellulosic phase in 
the fibre19, 20. Recently, there is a new interest of 
infusing nanoparticles into the natural fibre surface21-26. 
Such process results in a dramatic increase in 
mechanical (tensile, strength and fibre-matrix 
adhesion) and thermal properties (decomposition 
temperature and Tg) of fibres composites. In few 
reports, improved barrier properties were also 
reported21,23,25. Since the impregnation of 
nanoparticles is relatively a new subject, much more 
understanding on this subject is still required. For 
instance, the influence of nanoparticles on the cell-
wall structure and lumen phase of the fibre is not 
fully understood. It is well known that these phases 
constitute major part of the fibre and affects water 
sorption behavior of the fibre. Therefore, the 
objective of this study is to investigate the influence 
of nanoparticle on the lumen and cell wall phase of 
the fibre and its effect on the water sorption 
properties. To carry out this study, four different 
lignocellulosic fibres are chosen, depending on the 
lumen morphology and geometry. Montmorillonite 
(MMT) clay is chosen as nanoparticle for infusion 
into the fibres. MMT clays consist of nanolayered 
alumina-silica ceramic particle, which serves as a 
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high barrier medium to the water vapor and 
molecules27,28. The outcome of this work will help to 
understand the role of lumen/cell wall structure  
in nanoclay infused fibre on fibre-gas/liquid 
interface sorption.  
 
2 Materials and Methods  
2.1 Materials 
Banana and coir fibres were extracted from the 
stem section of locally grown plant/tree by 
mechanical crushing method. Kenaf fibres were 
obtained from Agricultural Research Council (ARC) 
of South Africa. Sisal fibres were obtained from 
University of Dar es Salaam, Tanzania. All these 
fibres were extracted at their matured cultivation 
stage. Na+ montmorillonite (MMT) clay was obtained 
from Southern Clay Products, Inc. USA, supplied 
under the trade name Na+ Cloisite. All the chemicals, 
to be used for nanoclay infusion were obtained from 
Merck Chemicals, South Africa. 
 
2.2 Nanoclay Infusion Treatments 
Nanoclay was infused into the fibres by a two-step 
process.  In the first step, the raw fibres were alkaline 
treated (NaOH treatment) and in second step these 
treated fibres were infused with nanoclay particles 
using a shear induced mechanical mixing process.   
In the NaOH treatment, 1 mol/L of NaOH solution 
was taken and the equivalent weight of 5 cm long 
chopped untreated fibre (sisal, banana, kenaf and coir) 
was soaked in solution for 4 h. The soaked fibres were 
then taken out, and rinsed with 0.01 mol/L dilute 
acetic acid solution for 30 min. The fibres were then 
washed with distilled water and air dried at  
23°C1°C for 48 h. 
In the second step, the alkaline treated fibres were 
infused with MMT clays by shear induced mechanical 
mixing process. Initially 750 mL of distilled water 
was taken in a beaker, placed on a temperature 
controlled magnetic stirrer (Heidolph MR Hei: 
Standard, Labotec, South Africa) and then heated to 
80°C. Ten grams of clays was then introduced into the 
water medium and the clay/water solution set at 80°C 
was stirred for 30 min at 500 rpm. Thereafter, 10 g of 
short alkaline treated fibres (sisal, banana, kenaf and 
coir) were introduced into the clay/water solution 
(80°C) and stirred for 4h at 500 rpm.  The stirred 
fibre-clay solution was then placed in an ultrasonic 
agitation bath (MRC laboratory Equipment, UK. 
Model: DC-150H, operating at 40 kHz with ultrasonic 
power 150W) for 1 h. The nanoclay treated fibres 
were then removed from the ultrasonic bath and air 
dried for 48 h. 
 
2.3 Characterization 
The longitudinal and cross-sectional surface 
morphologies of all untreated and nanoclay infused 
fibre series (sisal, banana, kenaf and coir) were 
analyzed using scanning electron microscope (SEM).  
The cross-sectional surfaces of fibre specimens were 
prepared using cryo-fracture method.  In this method, 
the fibre was dipped into a liquid nitrogen bath 
medium, then taken out from bath and immediately 
cut along the cross-section.  The longitudinal surface 
analysis was carried out as such without any type of 
specimen preparation.  The fibre surface was analyzed 
using Zeiss Environmental SEM (ESEM: model EVO 
HD 15 operating at controlled atmospheric conditions 
at 20 kV). Before carrying out SEM studies, all 
specimens were gold sputter coated using Quorum-
150R ES model thin film coating equipment. 
X-ray diffraction (XRD) was performed on MMT 
clay and on the untreated and nanoclay infused fibre 
series, to study the phase morphology, crystalline 
index (CI) and presence of nanoclay onto the treated 
fibre surface. XRD was carried out using Philips 
PW1050 diffractometer at a scanning rate of 0.5°/min 
with CuKa radiation ( = 1.5401 Å) operating at  
30 kV and 15 mA. In measuring the clay content, the 
weight of treated fibre and Cloisite MMT clays were 
kept same for all XRD measurements. 
The chemical constituents (α – cellulose, 
hemicellulose and lignin) of untreated and nanoclay 
infused fibres were determined using chemical 
methods as reported elsewhere29-31.   
 
2.4 Barrier Properties 
2.4.1 Adsorption-desorption 
The sorption of water by fibres at various vapor 
pressures (or relative humidity) was determined 
gravimetrically using an analytical balance (Gunt 
Hamburg, ET 605 model), at 23 ± 0.3°C. Five 
milligrams of fibres were placed in the chamber and 
relative humidity (RH) was controlled by steam 
humidifier. At the start of each moisture sorption 
cycle, the fibres were dried at 0% RH until the 
weight change was stabilized to be less than 0.1%.  
After stabilization, the moisture adsorption cycle 
was started and the humidity was increased 
stepwise, with steps of 10% RH. It was observed 
that the equilibrium moisture content (EMC) weight 
occurred from 4th to 15th day, depending upon the 
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fibre type. After this period, the fibres were in 
equilibrium with atmosphere.  The desorption 
isotherm, from 95 RH to 5% RH was also recorded.  
The RH at 0% and 100% were extrapolated based 
on the trend of the sigmoidal sorption-desorption 
curve. The adsorption-desorption curves form a 
hysteresis loop, and were measured by degree of 
hysteresis (dH), as per the following equation at 
various RH levels:  
 
݀H = ୉୑େ೏೐ೞ೚ೝ೛೟೔೚೙ି	୉୑େೌ೏ೞ೚ೝ೛೟೔೚೙
୉୑େೌ೏ೞ೚ೝ೛೟೔೚೙
× 	100 … (1) 
 
where EMCdesorption and EMCadsorption are the 
equilibrium moisture content during desorption and 
adsorption respectively. 
The specific surface area of untreated and nanoclay 
infused fibre samples was measured by BET 
(Brunauer, Emmett and Teller) method, using a 
particle analytical (Gemini V Micromeritics 2020 
series) analyzer, and nitrogen gas purging.   
 
2.4.2 Absorption 
Water absorption test of all the fibre series was 
conducted at 23°C1°C as per ASTM D570-
98(2005) test procedure.  Initially three fibre 
specimens of 5 cm length from each series were 
chosen and then oven dried at 60°C for 4 h to 
remove moisture content in the sample. The 
samples were dried and immediately fully dipped 
into a distilled water bath.  The water dipped fibre 
samples were taken at different times, wiped with a 
paper towel to remove surface water, and weighed 
with an electronic balance until the increase in 
weight of water attained equilibrium level (i.e. no 
more or negligible water uptake by test sample). 
The mole per cent (mol. %) of water uptake (Qt ) 
was calculated from the water mass uptake by the 
sample, using the following equation : 
 
ܳ௧ = ெ೟	(ௐ)/ெೝ(ௐ)ெ೔(ௌ) × 	100  … (2) 
 
where Mt(W) is the mass of water uptake at a given 
time ‘t’; Mr(W), the relative molecular mass of water; 
and Mi(S), the initial mass of the sample. 
The swelling property of fibre was examined by 
measuring the change in diameter of the fibre before 
and after water immersion. The % swelling diameter 
(Ds) of the fibre sample was calculated using the 
following equation equation:  
ܦ௦ = ୈ୧ୟ୫ୣ୲ୣ୰	ୟ୤୲ୣ୰	ୣ୯୳୧୪୧ୠ୧୰୳୫	୵ୟ୲ୣ୰	ୟୠୱ୭୰୮୲୧୭୬ୈ୧ୟ୫ୣ୲ୣ୰	ୠୣ୤୭୰ୣ	୵ୟ୲ୣ୰	୧୫୫ୣ୰ୱ୧୭୬ × 100
       …(3) 
 
Three samples were used for measuring average Ds. 
 
3 Results and Discussion 
3.1 Structure and Morphology 
Figure 1 shows the XRD pattern of untreated fibre 
series, nanoclay and nanoclay infused fibre series.  
All untreated fibres show two broad peaks at 2θ value 
of ~ 15° and ~ 25° values.  These diffraction peaks 
are due to the cellulosic crystalline phase of fibre, 
which corresponds to 110 and 020 reflection planes of 
α-cellulose crystalline planes32. Besides this 
crystalline cellulosic phase, each fibre consists of 
non-cellulosic phases, such as lignin, wax and 
amorphous polymer at various levels based on their 
fibre characteristics33. Nanoclay infused fibres show 
three broad diffraction peaks. Two peaks are similar 
to that of cellulose phase of the corresponding fibre 
and the third peak occurs at the 2θ reflection angle 
(7.58°) as that of MMT clay. The presence of clay 
peak in XRD spectrum suggests that the clay has been 
infused into the fibre. The clay content on the fibre is 
in the range of 2.7 - 3 wt.% for all the fibre series 
(Table 1). The clay content in the treated fibre was 
measured by taking the fraction of XRD peak 
intensity values of clay in treated fiber to that of peak 
intensity of neat MMT clay. Figure 1 also shows that 
the crystalline fraction of fibre increases due to 
reduction of amorphous area in XRD pattern. The 
crystalline fraction is measured by crystalline index 
(CI) (Table 1). The CI is measured by taking ratio of 
the areas of the amorphous (or crystalline) region to 
 
 
Fig. 1 — XRD pattern of untreated (a) sisal, (b) coir, (c) kenaf & 
(d) banana fibre; (e) MMT nanoclay; and nanoclay infused 
(f) sisal, (g) coir, (h) kenaf & (i) banana fibre 
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the total area of the XRD spectrum. The CI of 
nanoclay infused fibres is increased by ~ 14 - 42% in 
different fibres.  The increased CI of nanoclay infused 
fibres may be attributed to the elimination of lignin 
and amorphous phases during NaOH/clay infusion 
treatment. The alkaline chemical used in nanoclay 
infusion treatment can eliminate lignin, hemi-
cellulose and non-cellulosic phase of fibre16-18, 
leading to the increased CI values. The chemical 
constituents of untreated and nanoclay infused fibre 
series are measured, and the result are shown in 
(Table 1). The result shows the reduction in lignin and 
hemicellulosic phases after fibre treatment. The extent 
of lignin removal depends on the concentration and 
duration of chemical treatment. Almost complete 
removal of lignin and hemi-cellulosic phases has also 
been reported elsewhere30. 
The morphology of untreated and nanoclay infused 
fibres has already been examined by SEM and reported 
in our earlier studies21,25. However, selected SEM 
images of cross-sectional and longitudinal morphologies 
of untreated and nanoclay infused coir fibres are shown 
in Fig. 2. The cross-sectional image of untreated fibre 
[Fig. 2(a)] shows the spherical shaped lumen phase in 
the cell wall structure of micro fibril. The dark spherical 
phase is the lumen (arrow 1) and bright phase (arrow 2) 
is the cell wall phase of the micro fibril. The purpose of 
selecting these four lignocellulosic fibres is based on the 
geometrical arrangement of lumen phase in the micro 
fibril and varying content of cellulosic phase among 
these fibres.  The size and number of lumen phases in 
these fibres are found different. This different size and 
number of lumen phase affects the sorption behavior of 
fibres. Moreover, the concentration of cellulosic/non-
cellulosic phases also contributes to the sorption 
behavior of fibres. Hence, the sorption behaviour of 
these different lumen phase of fibers has been examined 
in this work.  Sisal, kenaf and banana fibres consist of 
coarse lumen phase with almost the same lumen size 
(diameter) as observed from earlier SEM study.  
However, sisal fibre has only one lumen phase, followed 
by few in kenaf fibre and more in banana fibre. On an 
average, banana fibre has ~ 3 - 20 more lumen phases in 
a micro fibril than that of kenaf. Also, the size of lumen 
phase varies from ~ 3µm to ~ 30 µm within a micro 
fibril.  The coir fibre has a finer lumen phase with 
highest numbers among all the fibres. The cell wall 
phase resembles a composite type of structure, which 
consists of cellulosic and non-cellulosic fibrous structure 
embedded into a lignin matrix.  The amount of these cell 
wall phases also varies among the micro fibril34.  Added 
to this, the size (cross-section) of micro fibril itself is not 
consistent within a plant fibre type, and varied in the 
order of ~ 101 - 102 µm35,36.  This results in difficulty 
when analyzing the fibres due to large scattering of 
experimental results and this study also addresses these 
issues and finds an optimized effect of sorption on 
natural fibres. 
The nanoclay infused fibre shows a different type 
of cross-sectional morphology [Fig. 2(b)].  The micro 
fibril appears to be elongated and stretched with 
irregular lumen morphology. The lumen phase is 
either folded, elliptical, elongated or distorted from its 
original spherical morphology.  This change in micro 
fibril and lumen phase could be due to the shear 
induced force generated during the nanoclay infusion 
process. The nanoclay is infused using shear mixing, 
and this might have generated force on the fibre 
surface. This force could have strained the fibre 
surface, and hence the lumen phase appears distorted.  
The other possible reason could be dissociation of 
lignin and other non-cellulosic phase from cell-wall 
backbone during chemical treatment (NaOH) which 
might have distorted lumen phase.  Figures 2(c) and 
(d) show the longitudinal morphology of untreated 
and nanoclay infused coir fibre surface. The untreated 
fibre [Fig. 2(c)] show several discontinuous phase 
(arrow 3) embedded on the continuous phase  
(arrow 4). This discontinuous phase could be from 
non-cellulosic phases such as hemicellulose and 
lignin. This discontinuous phase is found absent in the 
nanoclay infused coir fiber [Fig. 2(d)] and also other 
Table 1 — Chemical and physical characteristics of untreated and nanoclay infused fibre series 
Fibre Crystalline index, % Clay 
content in 
treated 
fibre, wt.% 
α-cellulose, wt.% Hemicellulose, wt.% Lignin, wt.% BET surface area, m2/g 
Untreated Nanoclay 
infused 
Untreated Nanoclay 
infused 
 Untreated Nanoclay 
infused 
 Untreated Nanoclay 
infused 
 Untreated Nanoclay 
infused 
Sisal 59 71 2.7 ± 0.2 60 72 21 16 19 12 73 97 
Kenaf 65 74 2.9 ± 0.3 65 75 20 17 15 8 79 101 
Banana 53 62 3.0 ± 0.3 54 63 26 21 20 16 81 108 
Coir 43 61 2.8 ± 0.2 43 62 21 14 36 24 86 103 
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fibre series, suggesting the effective removal of non-
cellulosic phase of the fibre.  The nanoclay 
distribution is seen in the treated fibre (the nanoclay 
particles are indicated by arrow 5).  The nanoclays are 
seen as spherical bright phase particles distributed 
uniformly on the fibre surface. The nanoclay may 
have bonded to fibre surface with hydroxyl group22, 
as shown below : 
 
Fiber-OH + Clay-OH = Fibre-Oclay + H2O …(4) 
 
The longitudinal surface of treated fibre also 
shows fibrillation marks (arrow 6). Fibrillation is 
the process in which the packed untreated fibre gets 
split into small fibres after treatment.  Fibrillation 
occurs in other nanoclay infused fibre series 
(banana, sisal and kenaf). It is reported21,24,25 that 
the chemical treatment and nanoclay infusion in the 
fibre leads to the fibrillation. The shear force 
applied during the nanoclay infusion might have 
induced fibrillation of fibre. Fibrillation of fibre 
also increases cellulose content, surface area and 
CI. This, in turn, results in improved thermal, 
physical and mechanical properties of fibres, since 
cellulose is primary load bearing phase. Equation 
(4) also shows the removal of the hydroxyl group of 
clays. The nanolayers (or few nanolayers of clay 
tactoids) attach on the surface/sub-surface of fibres. 
These nanolayers of clay are an impermeable 
medium and protect fibre against sorption.  
 
3.2 Adsorption 
Adsorption may be defined as adhesion of atoms or 
molecules from a gas or liquid to a surface.  Figure 3 
shows adsorption curve of untreated sisal fibre at 
various pressure levels. Adsorption curve of sisal 
fibre and all other fibre series curves resembled, 
showing an S-shaped sigmoidal type isotherm curve.  
According to IUPAC classification, this is a type II-
 
Fig. 2 — SEM images of coir fibre cross-sectional view (a) untreated and (b) nanoclay infused and longitudinal view (c) untreated and 
(d) nanoclay infused. 
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isotherm that describes the adsorption on macro-
porous and non-porous adsorbents with strong 
adsorbate-adsorbent interactions19, 20.  The equilibrium 
moisture content (EMC) values of untreated fibre 
series change among fibre type. The EMC values 
increase as the relative vapor pressure increases. 
Banana fibre shows highest EMC at all the humidity 
level followed by coir, sisal and kenaf fibre.  Possibly 
the higher level of amorphous and porous structure of 
the banana microfibrils could have resulted in 
increased moisture uptake11, 13, 19, 20. Although coir 
fibre has higher amorphous content than that of 
banana fibre, it results in better moisture barrier than 
that of banana fibre.  This could be possible due to the 
finer lumen structure of the coir fibre that might 
resisted and hindered the moisture uptake.  
The EMC values of nanoclay infused fibre show 
reduced moisture uptake when compared to its 
corresponding untreated fibre.  EMC values reduces by 
up to 3% for nanoclay infused fibre series. The 
elimination of non-cellulosic phase, infusion of 
nanoclay particles and distorted lumen phase could 
have led to the reduced moisture adsorption.  The clay 
particles infused in the pores might have acted as a 
barrier medium against moisture adsorption27, 28. As 
adsorption of moisture on the fibre is a surface 
phenomenon, the effect of fibre treatment on moisture 
adsorption is analyzed by measuring surface area of 
untreated and nanoclay infused fibre samples.  Table 1 
shows the Brunauer-Emmett-Teller (BET) surface area 
analysis of untreated and nanoclay infused fibres.  The 
nanoclay infused fibre shows increased surface area 
than their corresponding untreated fibre. The increased 
fibre surface also suggests increased presence of 
hydroxyl group on surface and fibrillation of fibres in 
nanoclay infused fibres. Although nanoclay infused 
fibre shows increased surface area, the moisture 
adsorption value is reduced. This could be due to the 
fact that nanoclay serves as a barrier medium to the 
moisture adsorption. The interaction of the hydroxyl 
group with nanoclay could have reduced the activity of 
moisture adsorption onto the fibre surface21, 23, 25, 37-39.  
 
3.3 Desorption  
Desorption is a phenomenon where atoms or 
molecules are released from or through a surface, and 
is opposite to that of adsorption or absorption 
process19, 20. The desorption curve of untreated sisal 
fibre is shown in Fig. 3. The adsorption-desorption 
curves form a hysteresis loop. The formation of the 
hysteresis loop suggests that adsorption and 
desorption occur at different physical environment 
and independent of each other. Table 2 shows the 
 
 
Fig. 3 — Adsorption-desorption curves of untreated sisal fibre at 
relative vapor pressure 
Table 2 — Degree of hysteresis (dH) of untreated and nanoclay treated fibre series 
Relative vapour  
pressure (P/P0), % 
Degree of hysteresis (dH) 
Sisal Banana Kenaf Coir 
Untreated Treated  Untreated Treated  Untreated Treated  Untreated Treated 
0 0 0 0 0 0 0 0 0 
10 16 11 19 13 16 12 20 12 
20 17 12 19 13 17 12 19 12 
30 16 10 20 12 18 11 18 11 
40 15 10 20 12 18 11 18 10 
50 16 10 17 11 17 10 18 9 
60 13 9 19 10 14 9 17 8 
70 11 8 16 9 12 8 18 7 
80 13 9 13 8 12 8 17 7 
90 5 3 16 7 6 7 16 5 
100 0 0 0 0 0 0 0 0 
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degree of hysteresis (dH) values of all untreated and 
nanoclay infused fibre series.  The result indicates dH 
values are higher in the untreated fibres.  In particular, 
dH is higher in the fibres having more amorphous 
content (coir and banana). The moisture easily 
occupies the amorphous region and changes the 
physical state of the material, resulting in increased 
dH19, 20. The nanoclay treated fibre results in 
decreased dH values as compared to untreated fibre. 
The dH values are almost equal for all nanoclay 
treated fibre series at the respective vapour pressures. 
The result also indicates that at lower and higher 
relative vapor pressures, the dH values are lower 
possibly due to the constrained physical medium, as 
the water vapor forms monolayer and condensation 
onto the fibre surface. The relatively smaller 
difference between the moisture content of adsorption 
and the desorption might also be a factor of decreased 
dH at lower and higher vapor moisture content. At 
low vapor pressure (< 15%), monolayer water 
adsorption takes place, whereas at an intermediate 
vapor pressure level from (15 - 70%), polylayer water 
adsorption forms. The polylayer water adsorption 
increases dH. Above 70% vapor pressure, the 
adsorption is primarily governed by condensation 
mechanisms19, 20. The presence of nanoclay reduces 
the formation of polylayer moisture adsorption at the 
fibre surfaces at intermediate vapor pressure (RH) 
values, which results in reduced dH. 
 
3.4 Absorption  
Absorption is a physical or chemical process in 
which atoms or molecules enter into bulk phase of 
solid (or liquid, gas) material.  Absorption differs 
from adsorption, as molecules undergoing absorption 
are taken by volume, and not by the surface 
(adsorption). Natural fibres are subjected to high 
water absorption due to their hydrophilic and swelling 
characteristics13, 40-43. During water absorption, the 
natural fibres swells. The swelling of fibres results in 
dimensional change and affects the fibre and fibre-
matrix adhesion.  The influence of nanoclay on the 
absorption and swelling characteristics has been 
examined and the results are presented in Table 3. 
The swelling increase is also proportional to the 
coarse size and number of lumen phase, amorphous 
content and non-cellulosic phase of fibres. The 
swelling of nanoclay infused fibres is considerably 
reduced than that of corresponding untreated fibre 
series. The nanoclay infused fibre imparts 
dimensional stability against absorption and results in 
reduced swelling.  The effect of nanoclay infusion for 
reducing swelling on high lumen phases fibres  
(coir and banana) is higher than that of less lumen 
phase fibres (kenaf and sisal). In nanoclay infused 
fibre, hard nanolayers of clay would have protected 
the fibre from swelling by resisting the expansion of 
fibres, thereby maintaining dimensional stability. 
The absorption of fibres is also measured by 
water uptake. The time at which water uptake 
becomes constant is called as an equilibrium water 
uptake [Me(W)], i.e. no more or negligible increase 
of water mass by sample. The molar mass of water 
corresponding to Me(W) is called as Q. The 
equilibrium molar water uptake (Q) values of 
nanoclay infused banana, coir, kenaf and sisal fibre 
are 42%, 42%, 36% and 18% lower than that of 
their corresponding untreated samples (Table 3). 
This reduced water mass uptake could be due to the 
presence of nanoclay at the surface/subsurface of 
the fibre phase. The free capillary movement of 
water molecules in the lumen phase may have also 
induced absorption. Since the lumen phase is 
distorted in the nanoclay infused fibres, the 
possibility of capillary movement of water 
molecules in lumen phase might have been 
restricted, resulting in reduced water mass uptake. 
Table 3 also shows that water uptake increase in 
fibre correlates to lumen structure and morphology.  
As banana and coir fibres have a large number of 
lumen and amorphous phase, the water uptake is 
higher.  However, in sisal and kenaf, single or very 
few lumen phases are present, resulting in reduced 
capillary flow of water molecules into the fibre. 
The sorption values of fibre series are different 
among the fibres, suggesting that the water sorption 
Table 3 — Transport properties of untreated and nanoclay  
infused fibre series 
Fibre  Q 
mol % 
Qt 
mol % 
Swelling 
% increase 
Untreated 
Banana  0.25 0.16 24 
Coir  0.22 0.19 23 
Kenaf  0.18 0.15 16 
Sisal  0.15 0.14 11 
Nanoclay infused 
Banana  0.14 0.13 9 
Coir 0.12 0.12 9 
Kenaf 0.11 0.10 8 
Sisal 0.11 0.11 9 
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is dependent on the fibre architecture and the nature 
of the sorption mechanism occurring in that fibre. 
 
4 Conclusion 
Sorption characteristics of selected lignocellulosic 
fibres have been examined in this work. The fibres are 
chosen based on their lumen phase size and 
distribution in the cell wall micro fibril. The influence 
of this lumen phase and nanoclay particles infusion on 
sorption characteristics (adsorption, desorption and 
absorption) of the fibres are examined. Nanoclay 
treatment affects lumen phase, and increases 
fibrillation, surface area and crystallization. Nanoclay 
attaches onto the fibre surface with hydroxyl bonding, 
and serves as a barrier medium for moisture and water 
uptake. The adsorption-desorption result indicates that 
the moisture uptake forms a sigmoidal curve. The  
sdH values of fibres are reduced in nanoclay treated 
fibre due to the decreased polylayer water formation.  
The absorption result indicates reduced swelling and 
water uptake in the nanoclay infused samples, thereby 
showing induced dimensional stability to the fibres. 
 
Acknowledgement  
Authors are thankful for the funding support by 
South African Council of Scientific & Industrial 
Research (CSIR) - Biocomposites Centre of 
Competence (BCoC), [project reference number 
SIIGBC3.11214.02100.02170.] 
 
References 
1 Wu Lingyan, Lu Shaorong, Pan Lulu, Luo Qiyun, Yang Jin, 
Hou Linglan, Li Yuqi & Yu Jinhong, Fibre Polym,  
17 (2016) 2153. 
2 Ramesh M, Prog Mater Sci, 78-79 (2016) 192. 
3 Roy Gautham & Saha S C, Indian J Fibre Text Res,  
41 (2016) 344. 
4 Ahmad Thirmizir M Z, Z A, Mat Taib R & Rahim S, 
Compos Interface, 20 (2013) 469.  
5 Venkateshwaran N, ElayaPerumal A, Alavudeen A & 
Thiruchitrambalam A, Mater Des, 32 (2011) 4017. 
6 Cas Hill, Norton A J & Newman G, Wood Sci Technol,  
44 (2010) 497. 
7 Kulasinski Karol, Salmen Lennart, Derome Dominique & 
Carmeliet Jan, Cellulose, 23 (2016) 1629. 
8 Bledzki A K, Franciszczak P, Osman Z & Elbadawi M,  
Ind Crops Prod, 70 (2015) 91. 
9 Adekomaya Oludaisi, Jamiru Tamba, Sadiku Rotimi & Huan 
Zhongie, J Clean Prod, 143 (2017) 843. 
10 Faruk Omar, Bledzki K Andrzej, Fink Hans-Peter & Mohini 
Sain, Prog Polym Sci, 37 (2012) 1552. 
11 Gabr H Mohamed, Phong T. Nguyen, Abdelkareem 
Mohammad Ali, Okubo Kazuya, Uzwa Kiyoshi, Kimpara 
Isao & Fujii Toru, Cellulose, 20 (2013) 819. 
12 Zaman U Haydar, Khan A Mubarak & Khan A Ruhul, 
Compos Interface, 18 (2011) 685. 
13 Sreekala M S & Thomas S, Compos Sci Technol, 63  
(2003) 861. 
14 Gerald Arul Selvan M & Athijayamani A, Fibre Polym,  
17 (2016) 104. 
15 Hajeeth T, Vijalakshmi , Gomathi T, Sudha P N & 
Anbalagan S, Compos Interface, 21 (2014) 75. 
16 Akram Khan Mohn, Guru Sapana, Padmaran Prabha, Mishra 
Deepti, Mudgal Manish & Dhakad Savita, Compos Interface, 
18 (2011) 527. 
17 Budtova Tatiana & Navard Patrick, Cellulose, 23 (2016) 5. 
18 Vishnu Vardhini K J, Murugan R, Tamil Selvi C & Surjit R, 
Indian J Fibre Text Res, 41 (2016) 156. 
19 Ceylan Ozgur, Van Landuyt Lieve, Meulewaeter Frank & De 
Clerck Karen, Cellulose, 19 (2012) 1517. 
20 Hill A S Callum, Norton Andrew & Newman Gary,  
J App Polym Sci, 112 (2009) 1524. 
21 Mohan T P & Kanny K, Compos [Part A] App Sci Manuf,  
43 (2012) 1989.  
22 Wang H, Xian G & Li H, Compos [Part A] App Sci Manuf, 
76 (2015) 172. 
23 Xia C, Shi S Q & Cai L, Compos [Part B] Eng, 78 (2015) 138. 
24 Xia Changlei, Zhang Shifeng, Shi Q Sheldon, Cai Liping & 
Huang Jonathan, Ind Crops Prod, 79 (2016) 131. 
25 Kanny K & Mohan T P, Compos Interface, 20 (2013) 783. 
26 Foruzanmehr M Reza, Pascal Y Vuillaume, Robert Mathieu 
& Elkoun Saïd, Mater Des, 85 (2015) 671. 
27 HU Chugang & Kim Jang-Kyo, Compos Interface, 12 (2005) 271. 
28 Follain N, Alexandre B, Chappey C, Colasse L, Médéric P & 
Marais S, Compos Sci Tech, 136 (2016) 18. 
29 Ray D, Sarkar B K, Rana A K & Bose N R, Compos  
[Part A] App Sci Manuf, 32 (2001) 119. 
30 Sinha E & Rout S K, J Mater Sci, 43 (2008) 2590. 
31 Choudhury Rinki, Fabrication and characterization of raw 
and dewaxed coir fibre reinforced polymer composites,  
M. Sc Dissertation, National Institute of Technology 
Rourkela, India, 2010-2012.  
32 Guimarães L, Wypych F, Saul C K, Ramos L P & 
Satyanarayana K G, J Carbohydr Polym, 80 (2010) 130. 
33 Bilba Ketty, Arsene Marie-Ange & Ouensanga Alex, 
Bioresour Technol, 98 (2007) 58. 
34 Baley C, J Mater Sci, 39 (2004) 331. 
35 Di Giuseppe E, Castellani R, Budtova T & Vergnes B, 
Compos [Part A] App Sci Manuf, 95 (2017) 31.  
36 Mukhopadhyay Samrat, Fangueiro Raul, Arpaç Yusuf & 
Şentürk Ülkü, J Eng Fibre Fabric, 3 (2008) 39. 
37 Schellbach L Sara, Monteiro N Sergio & Drelich W 
Jaroslaw, Mater Lett, 164 (2016) 599. 
38 Pothan A Laly, Thomas Sabu & Groeninckx G, Compos 
[Part A] App Sci Manuf, 37 (2006) 1260. 
39 Benítez A N, Monzón M D, Angulo I, Ortega Z, Hernández 
P M & Marrero M D, Meas, 46 (2013) 1065. 
40 Gurunathan T, Mohanty Smita & Nayak K Sanjay, Compos 
[Part A] Appl Sci Manuf, 77 (2015) 1. 
41 Dittenber B David & Ganga Rao V S Hota, Compos [Part A] 
App Sci Manuf, 43 (2012) 1419. 
42 Fotouh Ahmed, Wolodko John & Lipsett M G, J Compos 
Mater, 49 (2015) 1301. 
43 Munoz E & Garcia-Manrique J A, Int J Polym Sci (2015), 
DOI: 10.1155/2015/390275. 
 
